Polymer-based nanocomposites containing nanodiamonds (NDs) are attractive multifunctional materials with a growing range of applications. In this work, in the frame of developing completely biocompatible systems, nanocomposites based on polyethylene oxide (PEO) and different amount of NDs have been formulated through melt mixing and fully characterized. In particular, the reinforcement effect of NDs in PEO has been probed through tensile tests, and the rheological response of PEO-based nanocomposites as a function of the nanoparticles amount has been investigated and discussed. The obtained results show that the presence of well-distributed NDs strengthens the mechanical performance of the nanocomposites and brings about an increase of the PEO crystallinity, suggesting a strong adhesion between NDs and polymer matrix. Furthermore, as a result of NDs adding, alterations of the rheological behaviour of neat PEO can be noticed, as NDs are able to significantly influence the long-range dynamics of PEO chains. Besides, accelerated aging tests demonstrate that NDs show a remarkable protective ability against PEO photodegradation, due to their ability to attenuate efficiently UV radiation. The latter opens up new avenues for the use of NDs as multifunctional nanofillers for polymer-based nanocomposites with enhanced photooxidative resistance.
Introduction
In the last years, significant efforts have been addressed towards the formulation of high performance polymer-based nanocomposites, suitable for a wide range of applications [1, 2] . For this purpose, the potential of several kinds of nanoparticles, differing for chemical structure and dimensionality, has been exploited to enhance the mechanical, thermal, and electrical properties of polymeric matrices and to provide them with new functionalities [3] [4] [5] . Among different nanofillers, nanodiamonds particles (NDs) hold a special place [6] . NDs, usually produced by detonation techniques, are composed of nanoparticles with diameter of about 5 nm and consist of an inert diamond core, surrounded by a graphitic shell terminated by a large number of tailorable functional groups [7, 8] . The internal diamond structure provides NDs with superior elastic modulus, high thermal conductivity, and electrical resistivity and chemical stability [9, 10] . The surface functional groups, interacting with polymer chains, generate good adhesion between NDs and polymer matrix, improving the nanocomposite overall properties [11] . Moreover, the small size of NDs and their spherical shape result in a large and accessible external surface that maximizes the interactions with polymer matrix in which NDs are dispersed [12, 13] . However, due to their strong tendency to agglomerate, NDs, inserted in a polymer matrix, tend to form aggregates. The latter act as defects in the matrix, causing a worsening of the mechanical properties. In order to enhance the dispersion of NDs within polymer matrices, several approaches have been pursued, including high shear mixing and chemical functionalization of NDs surface [14] [15] [16] . For instance, to enhance the compatibility between polyethylene and NDs, alkyl groups of different length have been covalently linked to nanoparticles surface [17] . The so formulated nanocomposites show an increase of crystallinity with increasing NDs content and length of grafted alkyl chains, which corresponds to an enhancement of Young's modulus and hardness. Importantly, it has been shown that NDs are nontoxic and biocompatible 2 Journal of Nanomaterials [18, 19] , which makes them excellent candidates for the formulations of advanced materials for biomedical applications [20] . Additionally, since NDs are able to strongly absorb UV radiation, they can be used to protect polymeric matrices from photoaging [21] , although insufficient attention has been paid so far to the use of NDs as protective nanofillers against polymer photodegradation. Whit this in mind, in the frame of developing completely biocompatible polymerbased systems with enhanced photodegradation stability, in this work we prepared nanocomposites based on polyethylene oxide (PEO) and different amount of NDs, potentially applicable for the formulation of biomedical devices. The dispersion of NDs at microscale level and the effect of NDs on the rheological, mechanical, and crystallization behaviour of PEO have been evaluated and discussed in detail, also considering the influence of interactions between nanoparticles and host matrix. A special attention has been paid to the study of the photooxidative stability of the nanocomposites, in order to probe the effectiveness of NDs in the protection of polymeric matrix against photoinduced degradation.
Experimental Part

Materials. Polyethylene oxide (PEO) was purchased by
Sigma-Aldrich. It has average molecular weight 100,000 g/mol, melting point = 65 ∘ C (determinate by DSC), and density 1.13 g/mL at 25 ∘ C. Nanodiamonds (NDs) with spherical shape were purchased by Sigma-Aldrich. According to supplier specifications, their average particle size is <10 nm and the specific surface area (determinate by BET) is 278-335 m 2 /g.
2.
2. Nanocomposite Preparation. PEO/NDs nanocomposites have been formulated by melt compounding with a Brabender mixer at 80 ∘ C, 50 rpm for 5 minutes. The mixture of PEO and NDs has manually premixed at room temperature until a homogeneous powder was obtained and subsequently fed into the mixer for melt compounding. PEO-based nanocomposites with 0.5, 1, 3, and 5 wt% of NDs, corresponding to 0.16, 0.33, 0.99, and 1.67 vol.%, respectively, have been prepared. The nanocomposites have been named PEO/XNDs, where X is the NDs weight ratio in the PEO matrix. The specimens for the subsequent analyses and thin films (thickness less than 100 m) have been prepared by compression moulding in a Carver laboratory hydraulic press. The pure PEO matrix, used as reference material, has been subjected to the same procedure.
Characterizations.
The dispersion of NDs in PEO matrix has been observed by Scanning Electron Microscopy (SEM), performed on nitrogen fractured radial surfaces of the investigated samples with a Philips ESEM XL30 microscope.
Rheological tests were performed using a strain-controlled rotational rheometer (ARES G2 by TA Instruments) in parallel plate geometry (plate diameter 25 mm). The complex viscosity ( * ), storage ( ), and loss ( ) moduli were measured performing frequency sweep tests at = 80 ∘ C from 10 −2 to 10 2 rad/s at a maximum strain of 2%. As proved by preliminary strain sweep experiments, such an amplitude is low enough to be in the linear viscoelastic regime. Besides, linear stress relaxation measurements were carried out submitting the samples to a single step strain 0 = 1%, and the shear stress evolution during time ( ) was measured to obtain the relaxation modulus ( ) = ( )/ 0 .
Crystallization behaviour of neat PEO and formulated nanocomposites has been investigated by differential scanning calorimetry (DSC), using a Perkin-Elmer DSC7 calorimeter. All experiments were performed under dry N 2 gas using samples of around 10 mg in 40 L sealed aluminium pans. Four calorimetric scans (two heating: 30-120 ∘ C and two cooling: 120-30 ∘ C) were performed for each sample at scanning heating/cooling rate of 10 ∘ C/min. The crystallinity degree ( ) is calculated using the formula:
where Δ is the heat of melt of sample, Δ 0 is the heat of fusion for 100% crystalline PEO (205 J/g) [22] , and is the mass fraction of the nanofiller. The reported results are the average of three independent measurements.
Mechanical characterization was performed by using an Instron (USA) 3365 universal machine. The test was performed at two different speeds: 1 mm/min for the first 2 mm of elongation and then 100 mm/min up to sample breakage. The average values for elastic modulus, tensile strength, and elongation at break were calculated and the standard deviation is reported in the figures.
The photooxidative resistance of the materials was estimated using a Q-UV-Solar Eye weatherometer (Q-LAB, USA) equipped with UVB lamps (313 nm). The tests were carried out on the thin films. The weathering conditions were 24 h of light at = 45 ∘ C, in order to operate below the melting point of PEO. The progress of the photodegradation was followed by analysing the evolution in time of FTIR spectra on polymer films carried out by using a Perkin-Elmer FTIR spectrometer (mod. Spectrum Two). FTIR spectra collected on three different films of each sample were obtained by performing 16 scans between 4000 and 500 cm −1 . The photooxidation evolution was quantified by referring to the Carbonyl Index (CI) as a function of irradiation time. CI was calculated as the ratio between the integral of the carbonyl absorption region (1850-1600 cm −1 ) and that of a reference peak at about 1965 cm −1 , which account for the sample thickness variation [23] .
Results and Discussion
Characterization of PEO/NDs
Nanocomposites. First of all, the internal structure of NDs-containing nanocomposites has been observed by means of SEM, which allows us to evaluate the nanoparticles dispersion as well as the compatibility between the nanofillers and the host polymer matrix. The evaluation of the dispersion state of the nanoparticles in a polymer matrix is crucial since it plays a key role in enhancing the final properties of resulting nanocomposites. In Figure 1 the SEM micrographs at low and high magnification for Storage modulus (Pa)
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1,E + 01 . Concerning PEO-based nanocomposites, NDs in the form of nanoclusters are uniformly and homogeneously dispersed in the host polymer matrix. The average dimension of formed agglomerates is about 300 nm, as visible in micrographs at high magnification, and no increase in agglomerates size and density can be observed up to 3 wt.%. of NDs content; differently, as the amount of NDs increases, the presence of some coarse agglomerate can be noticed. The obtained good dispersion state of NDs nanoclusters can be ascribed, first, to the appropriate conditions, such as temperature and mixing time, used for the nanocomposites processing. Furthermore, it is reasonable to suppose that the functional groups onto NDs surface can interact with functional groups of PEO matrix and that the established interactions can promote the obtained uniform dispersion of NDs nanoclusters within host matrix.
Rheological properties can provide useful information about the interactions between filler and polymer matrix in polymer-based nanocomposites and the state of dispersion and distribution of nanofillers. The complex viscosity ( * ) curves of neat PEO and PEO-based nanocomposites are shown in Figure 2 (a) as a function of frequency. At low frequencies, neat matrix exhibits the typical Newtonian viscosity plateau, due to the fully relaxed PEO chains; as frequency increases, PEO macromolecular chains start to align with the flow and a shear thinning behaviour can be noticed. The adding of 0.5 wt.% of NDs does not significantly affect the rheological behaviour of PEO; indeed the values of * for PEO/0.5NDs nanocomposite are very similar to those of neat PEO, and the Newtonian plateau is still present. Differently, as the NDs content increases up to 3 wt.%, the viscosity values of nanocomposites are higher than those of neat PEO in the whole investigated frequency range, particularly at low frequencies, and the disappearance of the Newtonian behaviour occurs. At high frequencies, the effect of NDs on PEO rheological behaviour is relatively weak, suggesting that NDs do not significantly influence the short-range dynamics of PEO chains, particularly on length scales comparable to the matrix entanglements length. Concerning the nanocomposite PEO/5NDs, a mere vertical shift of the * curve toward higher values with respect to neat PEO can be noticed. In other words, the adding of 5 wt.% of NDs causes an increase of the viscosity values, but the frequency-dependence of the * remains unaltered compared to the neat matrix. The latter can be understood considering that the NDs aggregates in this sample are too large to generate appreciable rheological alterations and the rheological response of the nanocomposite is governed by rheological behaviour of PEO.
The storage ( ) and loss ( ) moduli as a function of the frequency for neat PEO and NDs-containing nanocomposites are reported in Figure 2(b) . Consistent with the addition of solid particles into a polymer matrix, both moduli of PEO-based systems increase at all frequencies with the NDs adding, following the same trend observed for the viscosity. Moreover, the terminal behaviour tends to disappear for nanocomposites containing high amount of NDs, and the dependence of both and on frequency at low frequency becomes weak. Generally, the modification of polymer rheological behaviour due to the adding of solid nanoparticles is attributed to the establishment of two kinds of interactions:
Journal of Nanomaterials particle-polymer interaction and particle-particle interaction. The former can be expressed in terms of absorption of polymer chains onto nanoparticles surface; specifically, the enhancement of viscosity values is believed to be due to an immobilized hydrodynamic layer near the nanoparticle with a thickness on the order of the radius of gyration of the polymer chain [24] . The particle-particle interactions, instead, play a predominant role in the rheological response of polymer-based nanocomposites [25, 26] and lead to the formation of a nanofiller network in the host matrix.
To assess the influence of NDs adding on the crystallization behaviour of PEO, DSC analyses have been carried out. In Figure 3 , the DSC thermograms recorded during the second heating scan after fast cooling from the molten state (performed to erase the sample thermal history) are reported, and the relevant data, such as melting temperature and enthalpy and the degree of crystallinity, are listed in Table 1 . It can be noticed that the introduction of NDs in PEO matrix results in a lowering of melting temperature from 65 ∘ C to 61.8 ∘ C for neat PEO and nanocomposite containing 5 wt.% NDs, respectively, and in an increase of melting enthalpy. The latter implies that the crystallinity of NDs-containing nanocomposites is higher than that of neat PEO. The enhancement of the crystallinity degree can be attributed to the nucleating action of NDs that promotes the formation of crystalline phase in PEO. The mechanical behaviour of PEO and PEO-based nanocomposites has been evaluated through tensile tests. In Figure 4 , the main mechanical properties, such as elastic modulus (E), tensile strength (TS), and elongation at break (EB), as a function of NDs content are reported. Let us now consider the nanocomposites with NDs content in the range 0.5-3 wt%. It is evident that the adding of NDs into PEO matrix leads to the enhancement of both E and TS at all concentrations studied. Differently, EB slightly decreases, indicating that the nanocomposites become somewhat brittle compared with neat PEO. Therefore, the tensile test results overall indicate that the mechanical properties of NDs-containing nanocomposites are substantially superior to those of neat PEO. The improvement of PEO mechanical properties can be ascribed, mainly, to the uniform dispersion of nanofillers throughout the host matrix. Indeed, it is known that the mechanical behaviour of a nanocomposite depends on the dispersion state of nanofillers in the matrix; morphological analyses of PEO-based nanocomposites showed that NDs in the form of nanoclusters are distributed homogeneously within polymer matrix, and this issue is essential to obtain high performance materials. Also the characteristic of the interface between the reinforcing filler and the matrix plays a crucial role in determining the mechanical properties of a nanocomposite. Results coming from DSC analyses demonstrated an enhancement of crystallinity degree of nanocomposites with respect to neat PEO, and this implies that the adhesion between NDs and matrix is strong, promoting the crystallization of PEO, which in turn enhances the mechanical properties of nanocomposites. Furthermore, the establishment of strong interaction between NDs and PEO promotes the stress transfer from nanoparticles to polymer matrix, strengthening the overall mechanical performance of the nanocomposites.
As far as the PEO/5NDs nanocomposite is concerned, the tensile properties tend to decrease with respect to nanocomposites containing lesser amount of NDs, due to the poor dispersion of nanofillers achieved in this sample. Indeed, the large NDs aggregates act as defects in the nanocomposite structure and, according to the literature, cause a worsening of the nanocomposite mechanical behaviour [11] .
Photooxidation Behaviour of PEO/NDs Nanocomposites.
To investigate the photooxidation behaviour of PEO-based nanocomposites, thin films have been subjected to accelerate UVB exposure and the formation of oxidized species coming from degradation reactions as a function of the exposure time has been monitored through FTIR analysis. Although PEO does not absorb radiation of wavelengths longer than 300 nm, it is very susceptible of photooxidation, due to chromophoric impurities which, absorbing UV light, produce radicals that react with polymer [27] . The first step of the oxidative pathway is the hydrogen abstraction on the polymer backbone by a free radical, with the formation of a macroradical that, reacting with oxygen, gives a peroxy radical that evolves in a hydroperoxide; see Figure 5 . The photochemical decomposition of this hydroperoxide leads to the formation of an alkoxy radical that can evolve following three routes: (1) -scission, leading to the formation of formate end groups; (2) cage reaction with HO ⋅ which gives ester functions formation; (3) hydrogen abstraction reaction with formation of a hemiacetal that, in turn, decomposes to form alcohols and carboxylic acids [23] . Therefore, the main oxidation products of PEO formed upon UVB irradiation are essentially formats, esters, carboxylic acids, and alcohols, where accumulation can be evaluated analysing the evolution of FTIR spectra. In Figure 6(a) , the carbonyl region of FTIR spectra collected during the photooxidative aging of neat PEO are shown. As the photooxidation time increases, the appearance of new absorption bands can be noticed: a band with an absorption maximum at 1725 cm −1 and a shoulder around 1750 cm −1 . These new peaks can be attributed to the formation of formats and esters groups, respectively. Looking at FTIR spectra reported in Figures 6 (b)-6(d), it is evident that the accumulation of oxidized species is lower for NDs-containing nanocomposites in comparison to the pristine PEO, suggesting an unequivocal beneficial effect of the nanoparticles presence in the protection of PEO against photooxidative degradation. To evaluate the formation of the degradation species as a function of exposure time, the Carbonyl Index for all investigated systems has been calculated and plotted in Figure 7 . The neat PEO experiences oxidative process since the early stage of UVB irradiation, due to the rapid formation of oxidized species, and no induction period can be detected. A dramatic increase of the photooxidative resistance characterizes the nanocomposites containing the NDs. Indeed, the values of Carbonyl Index for nanocomposites are definitely lower than those of neat PEO and, after a slight increase during the first 100 h of exposure, they remain constant over time. No significant differences due to the different content of NDs can be observed and the stabilization activity of NDs in PEO seems to be almost concentration-independent. Similar results have been reported by Ammala et al. [28] in the case of polyolefins-based nanocomposites containing zinc oxide (ZnO) nanoparticles. The latter act as UV stabilizers for polypropylene and high density polyethylene and the obtained values of Carbonyl Index for nanocomposites containing 1 and 2 wt% of ZnO after about 1000 hours of photoaging are unaffected by the content of nanoparticles. In our case, the adding of 0.5 wt% of NDs results in a dramatic increase of the photooxidative resistance of PEO-based nanocomposites;
Journal of Nanomaterials any additional increase in the content of NDs does not result in a significant increase of the photooxidative stability. NDs nanoparticles, thus, are able to significantly slow down the PEO degradation processes, exerting a remarkable stabilizing action against photooxidation. The latter can be understood considering that NDs, having a wide band gap (5 eV), are highly absorptive toward UV light [21] . Furthermore, NDs produced by detonation consist of an sp 3 carbon core, surrounded by a shell of sp 2 carbon [29] . The graphitic carbon layer present on the external shell of NDs nanoparticles is responsible for the attenuation of UV radiation by NDs.
Conclusions
Nanocomposites based on PEO and different amount of NDs have been formulated and fully characterized, with the aim to develop fully biocompatible polymer-based systems potentially suitable for biomedical applications. Morphological analyses show that NDs, in the form of nanoclusters, are uniformly dispersed in the host matrix, and no increase in agglomerates density has been observed with increasing of NDs content up to 3 wt%. Further, the occurrence of strong interactions between nanoparticles and polymer matrix and the obtainment of a good interfacial adhesion cause the increase of PEO crystallinity and the significant improvement of the mechanical properties of nanocomposites. Moreover, PEO/NDs nanocomposites exhibit enhanced photooxidative stability with respect to the neat matrix, due to the ability of NDs to attenuate efficiently the UV radiation. Therefore, NDs can be considered as promising nanofillers for high performance polymer-based nanocomposites with enhanced photooxidative resistance and prolonged durability. 
